Regulation of transcription is the main mechanism responsible for precise control of gene expression. While the majority of transcriptional regulation is mediated by a multitude of DNA-binding transcription factors that bind to regulatory gene regions, an elegant alternative strategy employs small RNA guides, piwi-interacting RNAs (piRNAs) to identify targets of transcriptional repression. Here we show that in Drosophila the small ubiquitin-like protein SUMO and the SUMO E3 ligase Su(var)2-10 are required for piRNA-guided deposition of repressive chromatin marks and transcriptional silencing of piRNA targets. Su(var)2-10 links the piRNAguided target recognition complex to the silencing effector by binding the piRNA/Piwi complex and inducing SUMO-dependent recruitment of the SetDB1/Wde histone methyltransferase effector. We propose that in Drosophila, the nuclear piRNA pathway has co-opted a conserved mechanism of SUMO-dependent recruitment of the SetDB1/Wde chromatin modifier to confer repression of genomic parasites.
Introduction
Transcriptional control is the first and most important step in regulating gene expression. The majority of transcriptional control is achieved by transcription factors that bind short sequence motifs on DNA. In many eukaryotic organisms, transcriptional repression can also be guided by small RNAs, which -in complex with Argonaute family proteins -recognize their genomic targets using complementary interactions with nascent RNA transcripts (Holoch and Moazed, 2015) . This mode of regulation provides flexibility in target selection without the need for novel transcription factors. Accordingly, this mechanism is well suited for genome surveillance systems to identify and repress the activity of harmful genetic elements such as transposons.
Transcriptional repression guided by small RNAs and Argonautes correlates with the deposition of repressive chromatin marks, particularly histone 3 lysine 9 methylation (H3K9me) in S. pombe, plants and animals (Bernatavichute et al., 2008; Enke et al., 2011; Gu et al., 2012; LeThomas et al., 2013; Pezic et al., 2014; Volpe et al., 2002) . In addition to H3K9me, plants and mammals also employ CpG DNA methylation for target silencing (Aravin et al., 2008; Mette et al., 2000) . The molecular mechanism of small RNA/Ago induced transcriptional gene silencing is best understood in S. pombe, where the RNA-induced transcriptional silencing complex (RITS) was studied biochemically and genetically (Holoch and Moazed, 2015; Verdel et al., 2004) . In contrast to yeast, the molecular mechanism of RNA-induced transcriptional silencing in higher eukaryotes remains poorly understood. Importantly, mechanisms of small RNA-induced transcriptional repression might have independently evolved several times during evolution. Thus, RITS-mediated silencing in Metazoa might mechanistically differ from that of S. pombe.
In Metazoa, small RNA guided transcriptional repression is mediated by Piwi proteins, a distinct clade of the Argonaute family, and their associated Piwi-interacting RNAs (piRNAs). Both in Drosophila and in mouse, the two best-studied metazoan systems, nuclear Piwis are responsible for transcriptional silencing of transposons, which ensures the first line of defence against their expression (Aravin et al., 2008; Carmell et al., 2007; Kuramochi-Miyagawa et al., 2008; LeThomas et al., 2013; Manakov et al., 2015; Pezic et al., 2014; Rozhkov et al., 2013; Sienski et al., 2012) . The current model proposes that target recognition is achieved through binding of the Piwi/piRNA complex to nascent transcripts of target genes. In both Drosophila and mouse, piRNA-dependent silencing of transposons correlates with accumulation of repressive chromatin marks (H3K9me3 and, in mouse, CpG methylation of DNA) on target sequences (Carmell et al., 2007; Kuramochi-Miyagawa et al., 2008; LeThomas et al., 2013; Pezic et al., 2014; Rozhkov et al., 2013; Sienski et al., 2012) . Both H3K9me3 and CpG methylation are well-known repressive marks that can recruit repressor proteins, such as HP1a (Maison and Almouzni, 2004) , providing a mechanism for transcriptional silencing.
However, how recognition of nascent RNA by the Piwi/piRNA complex leads to deposition of repressive marks at the target locus is not well understood. Piwi proteins lack domains that might induce chromatin modifications and transcriptional silencing. Genetic screens in Drosophila identified two proteins, Asterix (Arx)/Gtsf1 and Panoramix (Panx)/Silencio, which are required for transcriptional silencing and which physically associate with Piwi (Donertas et al., 2013; Muerdter et al., 2013; Ohtani et al., 2013; Sienski et al., 2015; Yu et al., 2015) . Accumulation of the repressive H3K9me3 mark on targets of Piwi and Panx were shown to require the activity of the histone methyltransferase SetDB1 (also known as Egg) (Rangan et al., 2011; Sienski et al., 2015; Yu et al., 2015) , however, a mechanistic link between the Piwi/Arx/Panx complex, which recognizes targets, and the effector chromatin-modifier has not been established.
Here we identified Su(var)2-10 protein as a novel player in piRNA-induced transcriptional silencing that provides the link between the Piwi/piRNA and the SetDB1 complex. In Drosophila, Su(var)2-10 mutation causes suppression of position effect variegation, a phenotype indicative of its involvement in chromatin repression (Elgin and Reuter, 2013; Reuter and Wolff, 1981) . Su(var) 2-10 was shown to associate with chromatin and regulate chromosome structure (Hari et al., 2001 ) and also emerged in several screens as a putative interactor of the central heterochromatin component HP1 and a repressor of enhancer function (Alekseyenko et al., 2014; Stampfel et al., 2015; Stielow et al., 2008a) , however its molecular functions in chromatin silencing were not investigated. Su(var)2-10 belongs to conserved PIAS/Siz protein family (Betz et al., 2001; Hari et al., 2001; Mohr and Boswell, 1999) , of which the yeast and mammalian homologs act as E3 ligases for SUMOylation of several substrates (Johnson and Gupta, 2001; Kahyo et al., 2001; Kotaja et al., 2002; Sachdev et al., 2001; Schmidt and Muller, 2002; Takahashi et al., 2001) . We studied the role of Su(var)2-10 in germ cells of the ovary, where chromatin maintenance and transposon repression is essential to grant genomic stability across generations. We found that Su(var)2-10 depletion from germ cells phenocopies loss of the nuclear Piwi protein: both lead to strong transcriptional activation of transposons, and loss of repressive chromatin marks over transposon sequences. Su(var)2-10 genetically and physically interacts with Piwi and its auxiliary factors, Arx and Panx, and is required for Panx-induced transcriptional silencing. Recruitment of Su(var) 2-10 to a target locus induces local transcriptional repression and H3K9me3 deposition via the methyltransferase SetDB1. Finally, we demonstrate that the repressive function of Su(var)2-10 is dependent on its SUMO E3 ligase activity and the SUMO pathway. Tethering of Su(var) [2] [3] [4] [5] [6] [7] [8] [9] [10] to chromatin induces local accumulation of SUMO, which can directly interact with the conserved SetDB1 cofactor Wde (MCAF1/ATF7IP in mammals). Together, our data points to a model in which Su(var)2-10 acts downstream the piRNA/Piwi complex to deposit local SUMOylation, which in turn leads to the recruitment of the silencing SetDB1/Wde complex. SUMO modification was shown to play a role in the formation of silencing chromatin in various systems from yeast to mammals, including the recruitment of the silencing effector SETDB1 and its co-factor MCAF1 by repressive transcription factors (Ivanov et al., 2007; Maison et al., 2011 Maison et al., , 2016 Shin et al., 2005; Stielow et al., 2008b; Thompson et al., 2015; Uchimura et al., 2006) . Together, these findings indicate that the piRNA pathway utilizes a conserved mechanism of silencing complex recruitment through SUMOylation to confer transcriptional repression.
Results
Germline-specific knockdown of Su(var)2-10 induces embryonic lethality
The essential Su(var)2-10 gene encodes a conserved protein that is highly expressed in the Drosophila ovary (FlyAtlas (Chintapalli et al., 2007) ). To investigate the role of Su(var)2-10 in the germline, we employed germline-specific knockdown (GLKD) in the Drosophila ovary using two different short hairpin RNAs (shRNAs) that target the Su(var)2-10 mRNA, shSv210-1 and shSv210-2, driven by the maternal tubulin-GAL4.
Expression of each shRNA resulted in ~95% reduction of the Su(var)2-10 mRNA in the ovary (Fig. 1A) . The level of ectopically expressed GFP-tagged Su(var)2-10 protein was also reduced by both shRNAs, with shSv210-2 showing stronger depletion than shSv210-1 (Fig. 1B) .
Next we examined the effect of Su(var)2-10 knockdown on germline development. Ovaries from females with GLKD of Su(var)2-10 did not show gross phenotypic difference in ovarian morphology. Such females produce eggs, but no viable progeny, indicating that Su(var)2-10 plays an important role during gametogenesis. Embryos produced by females with GLKD of Su(var)2-10 showed a varying degree of ventralization phenotype, indicating defects in axis specification (Fig. 1C) . Consistent with the stronger protein depletion, shSv210-2 had a stronger penetrance, with 60% of the embryos showing mild to severe ventralization.
We also addressed Su(var)2-10 function in the somatic follicular cells of the ovary, using shRNA under the control of traffic jam (Tj) GAL4. Depletion of Su(var)2-10 in follicular cells caused severe morphological defects and collapse of oogenesis phenocopying effects Piwi depletion in follicular cells. Together, these data indicate that Su(var)2-10 plays an important role in both germ cells and the ovarian somatic cells that supports germline development.
Depletion of Su(var)2-10 induces transposon derepression
Embryonic ventralization is a known consequence of DNA damage in the ovary (Abdu et al., 2002; Ghabrial et al., 1998 ) that can be induced by several mechanisms including activation of endogenous transposable elements (Klattenhoff et al., 2007) . Measuring expression of several transposon families by RTqPCR showed that the germline-specific transposon HetA is strongly upregulated in ovaries of both Su(var)2-10 GLKD lines (~15 and ~150 fold) ( Fig. 2A) . In contrast, Blood, a transposon expressed in both ovarian germline and soma, and ZAM, a transposon restricted to the somatic cells in the ovary, were not significantly affected. We analysed global changes in transposon and gene expression upon GLKD of Su(var)2-10 by RNA sequencing (RNA-seq). Results confirmed strong upregulation of many transposon families upon Su(var)2-10 knockdown (Fig 2B) . Consistent with its stronger knockdown efficiency and phenotypic effect, the Sv210-2 hairpin induced broader and stronger TE upregulation (Fig. 2B, S1A ). We validated these results by performing a further RNA-seq experiment of shSv210-2 and control ovaries in two independent biological replicates. Results showed a highly reproducible upregulation of TEs (Fig. S1B) . Differential expression analysis showed that 60% (116 of 195) of all TE families were more than 2-fold upregulated, with 30% more than 4-fold upregulated (FDR<0.05; Fig. S1C ). These data therefore suggest that Su(var)2-10 plays a major role in supressing the activity of many different transposon families in the Drosophila germline. As the piRNA pathway plays a central role in TE silencing in the germline (LeThomas et al., 2013; Rozhkov et al., 2013) , we compared transposon expression upon Su(var)2-10 and Piwi GLKD. This analysis revealed that Su(var)2-10 and Piwi have similar target repertoires (Fig. 2C) , suggesting that Su(var)2-10 may be a novel player in piRNA-mediated transposon repression in the germline. In addition, Su(var)2-10 GLKD affected the expression of approximately 10% of the host genes (Fig S1C) . Detailed investigation of the role of Su(var)2-10 in host transcriptome regulation revealed complex TE-dependent and TE-independent effects that we describe in detail in the accompanying manuscript (Ninova et al., accompanying manuscript).
Su(var)2-10 depletion correlates with loss of repressive histone marks and gain of active marks at transposon sequences
In the nucleus, piRNA-guided PIWI proteins induce co-transcriptional repression associated with trimethylation of histone H3 lysine 9 (H3K9me3), a repressive histone modification that serves as a binding site for heterochromatin protein 1 (HP1) (Bannister et al., 2001; Jacobs et al., 2001; Lachner et al., 2001 ). To test whether Su(var)2-10 is involved in transcriptional silencing of transposons, we analysed the effect of Su(var)2-10 depletion on the levels of H3K9me3 and HP1a by ChIP-seq.
In wild-type flies we found the high H3K9me3 levels in heterochromatic genomic regions, including pericentromeric and telomeric regions of the chromosomal arms (Fig. 3A, black bars) . In addition, we identified H3K9me3 peaks scattered across euchromatic regions. Regions with elevated H3K9me3 signal are highly enriched in transposon sequences: a median of 70% of their sequence annotated by RepeatMasker (Fig. S2 ), while transposons occupy less than 20 % of whole reference genome sequence (Kaminker et al., 2002) . A subset of the detected H3K9me3 peaks in euchromatin lack transposon sequences in the reference genome within 10 kb proximity. However, transposition of mobile elements might lead to new transposon insertions that are absent in the reference genome sequence, but might be present in the genome of the strain used in our experiments. Indeed, analysis of de novo TE insertions in the genome of strains used in this study using the TIDAL pipeline (Rahman et al., 2015) identified 119 novel transposon integrations, which were absent in the reference genome, residing within 5 kb of euchromatic H3K9me3 peaks (n=479). The association of H3K9me3 islands with non-reference TE integration is more frequent than expected by chance (p<1x10 -6 , permutation test). Thus, the H3K9me3 mark correlates with TE sequences in both eu-and heterochromatin.
Su(var)2-10 depletion caused a genome-wide reduction of the H3K9me3 mark: the majority (~80%) of H3K9me3-enriched genomic intervals displayed a decreased H3K9me3 signal upon Su(var)2-10 GLKD (Fig.   3A, B) . Consistent with loss of H3K9me3, depletion of Su(var)2-10 also induced a decrease in HP1a level in these genomic regions (Fig. 3B, right) . In line with the global loss of H3K9me3, analysis revealed a widespread decrease of H3K9me3 and HP1a signal on individual TE families, especially at transposons that show a strong derepression upon Su(var)2-10 knockdown (Fig. 3C) . Regions flanking non-reference TE insertions in euchromatin also show prominent loss of H3K9me3 and associated HP1a upon Su(var)2-10 GLKD (Fig. 3D) . Notably, the same regions exhibited a reduction of H3K9me3 upon Piwi depletion, as demonstrated by both ChIP-seq and qPCR (Fig. 3D,E) , indicating that they are controlled by both Piwi and Su(var)2-10.
We also assessed the effect of Su(var)2-10 GLKD on chromatin marks associated with active transcription, including the H3K4me3 mark that is present at active promoters, the elongation mark H3K36me3, as well as RNA polymerase II occupancy. Genome-wide ChIP-seq analysis of two biological replicas revealed that depletion of Su(var)2-10 results in an increase of active transcription marks over transposon sequences and flanking regions (Fig. 3C,F) . These changes correlate with the increase of transposon RNA levels, and the decrease of H3K9me3 and HP1a (Fig. 3G) . Together, the loss of repressive histone marks and the gain of active marks upon Su(var)2-10 GLKD imply that Su(var)2-10 controls TE expression in the germline through transcriptional silencing. (Donertas et al., 2013; Muerdter et al., 2013; Ohtani et al., 2013; Sienski et al., 2015; Yu et al., 2015) . Recruitment of Panx to a reporter locus in a piRNA-independent manner results in transcriptional repression and H3K9me3 deposition at the reporter (Sienski et al., 2015; Yu et al., 2015) , providing a model system to study Piwi-induced silencing. We took advantage of this system to test whether Su(var)2-10 is required for Piwi repression downstream of Panx. In agreement with previous reports (Sienski et al., 2015; Yu et al., 2015) , Panx tethering resulted in local deposition of the H3K9me3 mark at the reporter locus ( Fig 4A) . Knockdown of Su(var)2-10 reduced the ability of Panx to induce H3K9 trimethylation (Fig 4A) , indicating that Su(var)2-10 is required for Panx-induced silencing. Thus, Su(var)2-10 acts downstream of Panx and is required for Panx-induced H3K9me3 deposition.
To further explore the genetic interactions between Su(var)2-10 and components of the Piwi-induced transcriptional silencing complex, we analysed the subcellular localization of Su(var)2-10 in wild-type flies and upon disruption of Piwi-induced transcriptional silencing. Consistent with a previous report that Su(var)2-10 associates with chromatin (Hari et al., 2001) , we found that GFP-tagged Su(var)2-10 localizes to the nucleus of nurse cells, where it concentrates at discrete foci, possibly indicating binding at specific genomic sites.
Depletion of Piwi, Panx or Arx in germ cells altered the localization of GFP-Su(var)2-10 to a uniform distribution in the nucleus (Fig 4B) . The requirement of Piwi and its auxiliary factors Arx and Panx for proper localization of Su(var)2-10 further suggests that Su(var)2-10 acts downstream of these factors.
To test if Su(var)2-10 physically interacts with components of the Piwi/Arx/Panx complex, we employed a co-immunoprecipitation assay using ovaries from transgenic flies expressing tagged proteins. Su(var)2-10 co-purified with all three factors, Piwi, Panx and Arx (Fig. 4C ), indicating that Su(var)2-10 associates with the Piwi/piRNA transcriptional silencing complex. The interaction of Su(var)2-10 with Piwi, Panx and Arx was further validated by co-expression and co-immunoprecipitation of tagged proteins from Drosophila S2 cell lines ( Fig. S3A-C) . Overall, our results indicate that Su(var)2-10 interacts with the Piwi-induced silencing complex both genetically and physically, and that it is required for Piwi-induced transcriptional repression. recruited to chromatin, we tethered Su(var)2-10 to a reporter locus in a piRNA-independent manner by fusing it to the λN RNA-binding domain, which has a high affinity for BoxB hairpins encoded in the 3'UTR of a reporter RNA (Fig. 5A) . Tethering of λN-GFP-Su(var)2-10 caused severe (~130 fold) decrease in reporter mRNA expression, indicating that recruitment of Su(var)2-10 is sufficient to induce strong repression (Fig. 5B) .
Recruitment of
Recruitment of Su(var)2-10 also resulted in an increase in the repressive H3K9me3 mark and a decrease in Pol II occupancy on the reporter as measured by ChIP-qPCR (Fig. 5C, D) . Similar results were obtained when Su(var)2-10 was recruited to an alternate reporter containing a different sequence and integrated at another locus, indicating that the results are independent of reporter sequence and local genomic environment (Fig.   S4A ). These results indicate that recruitment of Su(var)2-10 to a genomic locus induces strong transcriptional repression associated with accumulation of the repressive H3K9me3 mark.
Su(var)2-10 is a SUMO E3 ligase
Su(var)2-10 is a member of the PIAS (Protein Inhibitor of Activated STAT) protein family (Betz et al., 2001; Hari et al., 2001; Mohr and Boswell, 1999) . PIAS proteins were first identified as inhibitors of the JAK-STAT pathway (Chung et al., 1997) , however, subsequent genetic and biochemical studies showed that members of this family in yeast and mammals function in the SUMO pathway, which covalently attaches SUMO (Small Ubiquitin-like Modifier) to proteins to modify their activity (Johnson and Gupta, 2001; Kahyo et al., 2001; Kotaja et al., 2002; Sachdev et al., 2001; Schmidt and Muller, 2002; Takahashi et al., 2001) . Yeast and mammalian PIAS proteins interact with SUMO and the E2 SUMO-conjugating enzyme Ubc9, and facilitate the transfer of SUMO from Ubc9 to substrates, thereby acting as SUMO E3 ligases (Johnson and Gupta, 2001; Kahyo et al., 2001; Kotaja et al., 2002; Sachdev et al., 2001; Schmidt and Muller, 2002; Takahashi et al., 2001) . Drosophila Su(var)2-10 emerged as a factor involved in the SUMO pathway in a genetic screen (Stielow et al., 2008a) , however, its biochemical functions were not well characterized. Thus, we decided to ask whether Su(var)2-10 has a SUMO E3 ligase activity, and whether this activity is required for transcriptional repression.
D. melanogaster Su(var)2-10 has all the conserved domains present in yeast and mammalian members of the PIAS family, including the Siz/PIAS RING (SP-RING) domain responsible for interaction with Ubc9 and the E3 ligase activity in mammals , as well as a predicted SUMO interaction motif (SIM) at its C-terminus (Fig. 5E ). First, we tested if Su(var)2-10 interacts with SUMO. Su(var)2-10 binds purified SUMO protein in vitro (Fig. 5F, S4B ). In contrast, Su(var)2-10 does not interact with a SUMO mutant generated by changing three conserved residues (Q26A, F27A, I29A) essential for binding to the SUMO interaction motif (Zhu et al., 2008) , confirming specificity of the interaction (Fig. 5F ). Next, we tested the interaction between Su(var)2-10 and the E2 SUMO ligase Ubc9. Co-immunoprecipitation of tagged proteins expressed in S2 cells revealed that Su(var)2-10 binds Ubc9 (Fig. 5G ). The interactions with SUMO and Ubc9 indicate that Su(var)2-10 indeed acts in the SUMO pathway and likely has a conserved function as a SUMO E3 ligase.
PIAS proteins and other SUMO E3 ligases were found to be able to self-SUMOylate (Ivanov et al., 2007; Kotaja et al., 2002; Schmidt and Muller, 2002) . For example, auto-SUMOylation of the KAP1 SUMO E3 ligase was shown to be an important regulatory step for silencing complex recruitment in mammalian systems (Ivanov et al., 2007) . To test if Su(var)2-10 can be SUMOylated, we employed an in vitro assay using purified Su(var)2-10, SUMO, E1 and E2 enzymes. In the presence of ATP, we observed a higher molecular weight Su(var)2-10 band suggesting that Su(var)2-10 is itself a substrate of SUMO modification (Fig. S4C ).
The repressive function of Su(var)2-10 depends on the SUMO pathway
To explore the ability of Su(var)2-10 to promote SUMOylation on chromatin in vivo, we assessed the level of SUMO at the reporter locus upon Su(var)2-10 tethering. ChIP-qPCR using an antibody against the endogenous Drosophila SUMO protein (smt3) (Gonzalez et al., 2014) showed that tethering of Su(var)2-10 led to an increased SUMO signal at the reporter locus, strongly supporting its function as a SUMO E3 ligase that modifies chromatin targets (Fig. 5H ).
Next, we asked if the SUMO E3 ligase activity of Su(var)2-10 is important for its function in transcriptional repression. Studies of human PIAS1 revealed that its interaction with Ubc9 and its SUMO E3 ligase activity depend on the SP-RING domain, and a point mutation of a single cysteine residue in this domain abolishes this activity Munarriz et al., 2004) . The SP-RING domain is well conserved between Drosophila Su(var)2-10 and human PIAS1, including the aforementioned cysteine residue (Fig. 5E ). Thus, we generated a C341S point mutant of Su(var)2-10 to study the role of the SUMO E3 ligase activity in transcriptional repression. Tethering of Su(var)2-10 C341S mutant failed to promote SUMOylation at the reporter locus, confirming that this mutation abolishes its E3 ligase function (Fig. 5H ). We next asked whether the Su(var)2-10 C341S mutant is able to induce reporter repression and H3K9me3 deposition. Tethering of wild-type Su(var)2-10 reproducibly induced over 100-fold reporter repression. In contrast, tethering of the Su(var)2-10 C341S did not affect reporter expression or H3K9me3 level at its genomic locus, indicating that the SUMO-ligase activity of Su(var)2-10 is essential for its function in transcriptional repression (Fig. 5I,J) .
Next, we addressed the role of different Su(var)2-10 domains in its repressive activity (Fig. S4D ). As expected, complete deletion of the SP-RING domain impaired reporter silencing. Deletion of the PINIT domain also abolished the silencing activity completely. Conversely, deletion of the SAP domain, which was proposed to bring PIAS proteins to some of its targets through binding to DNA (Reindle et al., 2006) , caused reporter repression at levels comparable of those induced by the wild-type protein. Overall, these results indicate that the ability of Su(var)2-10 to induce transcriptional repression depends on its SUMO E3 ligase activity.
To directly test if SUMO is required for Su(var)2-10-induced transcriptional repression, we studied the ability of wild-type Su(var)2-10 to induce silencing upon knockdown of the single SUMO gene (smt3) To determine whether the SUMO pathway is required for piRNA/Piwi mediated transcriptional silencing, we investigated the effect of SUMO depletion on expression of transposons in the germline. Depletion of smt3 in germ cells resulted in sterility, phenocopying the effect of knockdowns of Su(var)2-10 and other piRNA pathway mutants. Global RNA-seq followed by DESeq2 analysis revealed upregulation of 26 transposable element families (>2-fold increase, FDR<0.05) (Fig. 6B) . Notably, the set of transposons that are depressed upon SUMO depletion nearly completely overlaps with elements upregulated in Su(var)2-10 knockdown, suggesting that Su(var)2-10 and SUMO act on the same targets (Fig. 6C) . Furthermore, global ChIP-seq analysis showed loss of the H3K9me3 mark from transposon sequences and flanking regions upon smt3 GLKD, as exemplified in Fig. 6D . Thus, SUMO is crucial for transcriptional repression of TEs in the germline.
Transcriptional repression induced by Su(var)2-10 requires the histone methyltransferase complex
SetDB1/Wde
H3K9me3 deposition induced by Piwi and Panx requires the activity of the methyltransferase SetDB1 also known as Eggless (Sienski et al., 2015; Yu et al., 2015) . We found that transcriptional repression by Su(var)2-10 is dependent on the SUMO pathway. Previous reports indicate that the mammalian homolog of SetDB1, as well as its co-factor MCAF1/ATF7IP, have SUMO-interaction motifs (SIM) (Ivanov et al., 2007; Stielow et al., 2008b; Thompson et al., 2015; Uchimura et al., 2006) . To explore whether the SUMO pathway plays a role in recruitment of SetDB1 to chromatin in Drosophila, we analysed the sequences of fly SetDB1 and its conserved co-factor called Windei (Wde) (Koch et al., 2009 ). Computational analysis (Zhao et al., 2014) identified several canonical SIMs in both proteins (Fig. 7A,S5A ). Furthermore, SIMs in SetDB1 and Wde are conserved between D. melanogaster and other Drosophilid species separated by 30-60 My of evolution ( Fig. 7A,S5A ). While the fly and human proteins have little sequence homology outside of conserved domains, the relative position of some SIMs is preserved (Fig. 7A,S5A ). To test if Drosophila SetDB1 and Wde interact with SUMOylated proteins, we co-transfected S2 cells with tagged SetDB1 or Wde and SUMO followed by purification of SetDB1 and Wde complexes. Western blotting showed that both SetDB1 and Wde co-purify with several SUMOylated proteins (Fig. 7B) . Thus, Drosophila SetDB1 and Wde possess conserved SUMOinteraction motifs and interact with SUMOylated proteins. To further explore the interaction between Wde and SUMO, we expressed SIM-containing fragments of Wde in S2 cells and incubated the lysate with purified GST-SUMO. Wde fragments co-purified with wild type, but not triple point mutant (Q26A, F27A, I29A) SUMO.
Mutations in the SIM of Wde abolished its interaction with wild-type SUMO, indicating that Wde binds SUMO directly via its SIM (Fig. 7C) . Thus, the SetDB1/Wde complex directly and specifically binds SUMO.
To define the place of Su(var)2-10 in the Piwi silencing pathway, we tested if Su(var)2-10 induced repression is dependent on SetDB1 and Wde. We tethered Su(var)2-10 to the reporter and depleted SetDB1 or Wde in germ cells through shRNA-mediated knockdown. SetDB1 knockdown abolished the ability of Su(var)2-10 to silence reporter transcription and induce H3K9me3 deposition (Fig. 7D) . Similarly, knockdown of the SetDB1 co-factor Wde resulted in partial release of reporter silencing (Fig. 7E) . Thus, the transcriptional repression caused by recruitment of Su(var)2-10 to a genomic locus depends on H3K9me3 deposition by the histone methyltransferase SetDB1 and its co-factor Wde.
As SetDB1 and Wde have SUMO-interaction motifs, SUMOylation of chromatin-associated proteins by Su(var)2-10, including SUMOylation of Su(var)2-10 itself, might promote recruitment of the SetDB1/Wde complex to target loci. Alternatively, or in addition, interaction with SUMOylated proteins might enhance the histone methyltransferase activity of SetDB1/Wde. To test the latter possibility, we decided to tether Wde to the reporter locus in a SUMO-independent manner, and probe the involvement of Su(var)2-10 in its silencing activity. Tethering of Wde induced strong reporter repression in germ cells of the fly ovary (Fig. 7F) .
Importantly, this repression was dependent on SetDB1, but independent of Su(var)2-10 and SUMO, as depletion of either of these proteins did not release reporter silencing. This result suggests that SUMO and Su(var)2-10 do not impact the enzymatic activity of SetDB1/Wde and are instead involved in its recruitment to genomic targets. Co-immunoprecipitation from ovarian lysate showed that Su(var)2-10 and SetDB1 interact in vivo (Fig. 7G) . Taken together, our results suggest that SUMOylation of protein targets by Su(var)2-10 -including SUMOylation of Su(var)2-10 itself -provides a binding platform for the recruitment of the SetDB1/Wde complex to genomic targets in order to induce H3K9 trimethylation and transcriptional repression.
Discussion
The classic RNAi mechanism uses small RNAs to guide the endonuclease activity of Argonaute proteins for sequence-specific degradation of mRNA targets in cytoplasm. A distinct clade of Argonautes, Piwi proteins, also use this mechanism to destroy mRNA targets, however, both flies and mammals also utilize nuclear-localized Piwi proteins (Piwi in Drosophila and Miwi2 in mouse) to induce transcriptional repression. Indirect evidence suggests that the piRNA/Piwi complex recognizes its nuclear targets using complementary interactions between piRNA and nascent chromatin-bound transcripts (Pezic et al., 2014; Sienski et al., 2012) . In both insect and mammals, piRNA-guided transcriptional silencing is associated with the deposition of repressive histone marks on genomic targets (LeThomas et al., 2013; Pezic et al., 2014; Rozhkov et al., 2013; Sienski et al., 2012) . Studies indicated that in Drosophila the conserved histone methyltransferase SetDB1 (Egg) is responsible for deposition of silencing mark at Piwi targets (Sienski et al., 2015; Yu et al., 2015) . However, the molecular mechanism leading to the recruitment of SetDB1 by the Piwi/piRNA complex remained unknown. Here, we showed that SUMO and the SUMO E3 ligase Su(var)2-10 are required for piRNA-guided transcriptional silencing in Drosophila. Several lines of evidence indicate that SUMO and Su(var)2-10 act together downstream of the piRNA-guided complex. First, depletion of SUMO and Su(var)2-10 decrease the H3K9me3 silencing mark and release TE repression induced by the piRNA pathway (Fig. 2,3,6 ). Second, localization of Su(var)2-10 to distinct nuclear foci depends on Piwi, Arx and Panx ( Fig. 4C ) and these 3 factors also co-immunoprecipitated with Su(var)2-10 ( (Sienski et al., 2015; Yu et al., 2015) (Fig. 4A) . Finally, recruitment of Su(var)2-10 to artificial targets on chromatin leads to transcriptional repression accompanied with SUMO accumulation and H3K9me3 deposition at the target locus ( Fig. 5H-J) . Repression induced by SUMO and Su(var)2-10 depends on the methyltransferase complex composed of SetDB1 and Wde, which are recruited to the target locus through their interaction with SUMO ( Fig. 7C-E) . Taken together, our results suggest a model for the molecular mechanism of piRNA-guided transcriptional silencing that fills the gap between the target recognition complex composed of piRNA/Piwi/Panx/Arx and the chromatin effector complex composed of SetDB1 and Wde (Fig.   8 ).
Our results identified a new role for the SUMO pathway in piRNA-guided transcriptional silencing.
Recently, the SUMO pathway emerged as an important factor in heterochromatin maintenance and genome stability in different organisms. SUMOylation through PIAS enzymes has a conserved role in repair of double strand DNA breaks in yeast and Drosophila (Psakhye and Jentsch, 2012; Ryu et al., 2015) . The SUMO modification was demonstrated to act as a binding platform for heterochromatin effectors such as HP1 in various systems from yeast to humans (Ivanov et al., 2007; Maison et al., 2011 Maison et al., , 2016 Shin et al., 2005; Stielow et al., 2008b; Thompson et al., 2015; Uchimura et al., 2006) , suggesting that SUMO has a conserved role in heterochromatin assembly. Importantly, in mammalian systems SUMO is required for recruitment of the histone methyltransferase complex composed of SetDB1 and MCAF1 to its chromatin targets and for its activity (Ivanov et al., 2007; Stielow et al., 2008b; Thompson et al., 2015; Uchimura et al., 2006) . SetDB1 and MCAF1 (called Wde in Drosophila) are conserved between insects and mammals. We found that Drosophila SetDB1 and Wde contain functional SUMO-interaction motifs (Fig 7A, C) . Furthermore, SetDB1-dependent repression induced by tethering of Su(var)2-10 to the reporter requires SUMO (Fig 6A) and correlates with increased SUMO ChIP signal (Fig 5H) .
Remarkably, the SUMO-dependent recruitment of SetDB1 is involved in silencing of transposable elements in somatic cells in mammals, although the molecular mechanism of this process is different and does not require piRNA. Instead, members of the large vertebrate-specific family of Krüppel-associated box domain-zinc finger proteins (KRAB-ZFPs) repress endogenous retroviruses through binding specific DNA motifs in their sequences (reviewed in (Wolf et al., 2015) ). Although distinct members of the KRAB-ZFP family recognize different sequence motifs in target transposons, repression of all targets by various KRAB-ZFPs requires the universal co-repressor KAP1/TIF1b (KRAB-associated protein 1). KAP1 has a SUMO E3 ligase activity and its auto-SUMOylation leads to recruitment of SetDB1 (Ivanov et al., 2007) . Our results suggest that Drosophila Su(var)2-10 can be SUMOylated (Fig S4C) , and SetDB1 and Wde have functional SUMOinteracting motifs (SIMs) (Fig 7) , suggesting that auto-SUMOylation of Su(var)2-10 might induce the recruitment of the SetDB1/Wde complex (Fig 8) . Transposon repression by DNA-binding proteins (KRABZFPs) and the piRNA pathway are two conceptually different mechanisms of target recognition, but both mechanisms lead to SUMO-dependent recruitment of conserved chromatin-modifying activity to the target.
Repression by KRAB-ZFPs requires large family of DNA-binding proteins with each member designed to recognize specific target. In contrast, the piRNA pathway employs an elegant approach of utilizing a single Piwi protein that can be programmed to target any sequence by loading different small RNA guides. The next step -recruitment of a SUMO E3 ligase by the target-recognition complex -is similar in the two pathways, however, it should be noted that even though both KAP1 and Su(var)2-10 have SUMO ligase activity, these two proteins are not homologous, suggesting convergent evolution of the two pathways. The final step of transposon repression -SUMO-dependent recruitment of the histone methyltransferase complex and installation of the repressive chromatin marks -seems to be identical in the two pathways.
The nuclear Piwi proteins in Drosophila and mouse, PIWI and MIWI2, are not one-to-one orthologs.
Unlike Drosophila, other insects including the silkworm Bombyx mori, the flour beetle Tribolium castaneum and the honeybee Apis mellifera encode only two Piwi proteins and, at least in B. mori, these proteins do not localize to the nucleus (Nishida et al., 2015) . These observations suggest that the nuclear Piwi pathway in Drosophila has evolved independently in this lineage. In light of this evolutionary interpretation, the interaction of the Piwi complex and the E3 SUMO ligase Su(var)2-10 indicates that the nuclear piRNA pathway co-opted an ancient mechanism of SUMO-dependent recruitment of the histone modification complex for transcriptional silencing of transposons in Drosophila. The molecular mechanism of piRNA-induced transcriptional repression in other clades such as mammals might have evolved independently of the corresponding pathway in flies. It will be interesting to investigate if mammals also use SUMO-dependent recruitment of chromatin repressor complexes for transcriptional repression of piRNA targets.
Our results and studies in mammals (Ivanov et al., 2007) According to this hypothesis multiple SUMO-SIM interactions within a protein complex act synergistically, thus SUMOylation of any single protein is neither necessary nor sufficient to trigger downstream processes (Jentsch and Psakhye, 2013; Psakhye and Jentsch, 2012) . Assembly of such 'SUMO spray' on chromatin might be governed by the same principles of multiple weak interactions as was recently recognized for the formation of various phase-separated liquid-droplet compartments in the cell (Shin and Brangwynne, 2017) . The presence of Su(var)2-10 on a chromatin locus might lead to SUMOylation of multiple chromatinassociated proteins that are collectively required for the recruitment of effector chromatin modifiers. The SUMOylation consensus (ΨKxE/D) is very simple and therefore quite common in the fly proteome. Consistent with this, several hundred SUMOylated proteins were identified in proteomic studies in Drosophila (Handu et al., 2015; Nie et al., 2009 ). SetDB1 was shown to be a target of SUMOylation and it was proposed that SetDB1
SUMOylation may facilitate the formation of multi-subunit chromatin-modifying complexes (Koch et al., 2009 ).
Thus, it is possible that collective SUMOylation of multiple chromatin-associated proteins contributes to recruitment and stabilization of the SetDB1 complex on chromatin (Fig. 8) .
The cascade of events leading to repression initiated by target recognition by piRNA/Piwi, followed by interaction with Su(var)2-10 and subsequent SUMO-dependent recruitment of SetDB1/Wde suggests that the three complexes tightly cooperate. But do these three complexes (Piwi, Su(var)2-10 and SetDB1) always work together, or does each complex have additional functions independent of the other two? Genome-wide analysis suggests that the vast majority of targets of piRNA-guided transcriptional silencing are repressed through SUMO/Su(var)2-10 and, likely, SetDB1/Wde, suggesting that Piwi always requires these other complexes for its function in transcriptional silencing. However, our data and published studies suggest that SetDB1 can be recruited to some genomic targets in a manner that is independent of both piRNAs and Su(var)2-10. For example, in the accompanying paper we describe host genes targeted by Su(var)2-10 that are repressed through SUMO-and SetDB1-dependent H3K9 trimethylation but independently of piRNAs (Ninova et. al, accompanying manuscript). Su(var)2-10 and SetDB1 are also expressed outside of the gonads and were implicated in chromatin silencing in somatic tissues that lack an active piRNA pathway (BrowerToland et al., 2009; Hari et al., 2001; Seum et al., 2007; Stampfel et al., 2015; Stielow et al., 2008a; Tzeng et al., 2007) . Our studies reveal that cooperation between Su(var)2-10 and SetDB1 is important for tissuespecific restriction of gene expression and maintenance of homeostatic balance between eu-and heterochromatin (see Ninova et al., accompanying manuscript).
MATERIALS AND METHODS

Fly stocks and eggshell phenotyping
The stocks for shRNAs of Su(var)2-10 (shSv210-1 and shSv210-2, BDSC #32915 and BDSC #32956, respectively), piwi (shPiwi, BDSC #33724), wde (shWde, BDSC BL33339) and white (shWhite, BDSC #33623) were obtained from the Bloomington Drosophila Stock Center. UASp-mKate2-4xBoxB-K10polyA, UASp-λN-GFP-eGFP control, GFP-Piwi, GFP-Arx and shPiwi were described previously (Chen et al., 2016; LeThomas et al., 2013) . shSetDB1, shPanx, λN -Panx and Tubulin-BoxB reporter stocks were gifts from Julius Brennecke, the luciferase 10BoxB reporter is a gift from Gregory Hannon. To obtain the shAsterix line, the short hairpin sequence was ligated into the pValium20 vector (Ni et al. 2011) using T4 DNA ligase from NEB (M0202), according to the manual, and then integrated into the attP2 landing site (BDSC #25710). Hairpin sequences are listed in Supplementary Table S1 . shSmt3 (shSUMO) was reconstructed based on the TRiP line HMS01540 and integrated into the attP2 landing site (BDSC #8622). For all other Drosophila lines generated in this study, respective full length cDNA sequences or mutants were cloned in pENTR™/D-TOPO® (Invitrogen) entry vectors and transferred to Gateway® destination vectors containing attB site, a miniwhite marker followed by UASp promoter sequence, and λN-GFP upstream the gateway cassette, or GFP downstream the gateway cassette. Transgenic flies carrying these constructs were generated by phiC31 transformation at BestGene Inc. UASp-SetDB1-GFP was integrated into attP-3B landing site (BDSC #9750).
UASp-λN-GFP-Su(var)2-10-PA was integrated into attP9A landing site (BDSC #9736). UASp-λN-GFP-Panx, UASp-λN-GFP-Arx, UASp-FLAG-Su(var)2-10, UASp-λN-GFP-Su(var)2-10-C341S, UASp-λN-GFPSu(var)2-10-ΔSAP, UASp-λN-GFP-Su(var)2-10-ΔPINIT, UASp-λN-GFP-Su(var)2-10-ΔSP-RING were integrated into the attP40 landing site (y 1 w 67c23 ; P{CaryP}attP40) .
The expression of all constructs was driven by maternal alpha-tubulin67C-Gal4 (MT-Gal4) (BDSC #7063 or #7062), except for the experiment of Su(var)2-10 depletion in the ovarian soma where Tj-gal4 (DGRC #104055) driver was used. All flies were put on yeast for 2 to 3 days before ovary dissections and were at the age of 3 to 14 days after hatching. For eggshell phenotyping, freshly laid eggs were mounted in 1XPBS and manually counted under a dissecting microscope.
Imaging
Ovaries from Drosophila lines expressing UASp-λN-GFP-Su(var)2-10 and UASp-driven shRNAs against white, Arx, Panx and Piwi under the control of the maternal-tubulin-Gal4 driver were fixed in PBS supplemented with 4% formaldehyde for 20 minutes at room temperature with end-to-end rotation. Samples were washed three times 10 minutes with PBS, and mounted in ProLong Gold Antifade Mountant with DAPI.
Imaging was performed using a Zeiss LSM 880 confocal microscope and data was processed using Fiji (Schindelin et al., 2012) .
RNA extraction and RT-qPCR
RNA was isolated with Ribozol (Amresco, N580) and treated with DNaseI (Invitrogen, 18068-015). Reverse transcription was carried out using Superscript III (Invitrogen) with random hexamers. qPCR was performed on a Mastercycler®ep realplex PCR thermal cycler machine (Eppendorf). Primers used in qPCR are listed in Supplementary Table 1 .
Immunoprecipitation and western blot from ovaries Immunoprecipitation from S2 cells
S2 cells were cultured in Schneider's Drosophila Medium containing 10% heat-inactivated FBS and 1X
Penicillin-Streptomycin. Expression vectors encoding GFP-fusion and FLAG-fusion proteins under the control of the Actin promoter were generated from entry cDNA clones transferred to pAGW or pAFW destination vectors from the Drosophila Gateway™ Vector collection using the Gateway® system. GFP-wde expression vector was a generous gift from Andreas Wodarz (Koch et al., 2009 ). S2 cells were transfected with TransIT-LT1 (Mirus). 24-48h post transfection cells were harvested and lysed in lysis buffer (20 mM Tris-HCl at pH 7.4, 150 mM NaCl, 0.2% NP-40, 0.2% Triton-X, 5% glycerol), supplemented with protease inhibitor cocktail (Roche, 11836170001) and 20mM N-Ethylmaleimide. Co-immunoprecipitation experiments and western blots were performed as described for ovarian tissue.
GST-SUMO interaction assays
pGEX-2TK vectors (GE Healthcare) expressing GST-SMT3 (SUMO) (plasmid was a generous gift from G Suske (Stielow et al., 2008a) ) and SIM interaction deficient GST-SMT3 generated in our lab were transformed in E. coli strain BL21 and purified by glutathione affinity chromatography using a standard protocol. In brief, Glutathione Sepharose 4B (GE Healthcare) slurry was equilibrated using five bead volumes of 50 mM TrisHCl pH 7.4, 150 mM NaCl. Bacteria were lysed in 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM buffer using a French press, and slurry was incubated with bacterial lysate at 4°C with end-over-end rotation. After three washes with the same buffer, the fusion proteins were eluted in a buffer containing 50 mM Tris HCl (pH 8.0), 150 mM NaCl and 20 mM reduced glutathione. Eluates were dialysed with 10 kDa cut-off dialysis tubing against Tris-HCl buffer (50 mM Tris-HCl, pH 7,5, 500 mM NaCl and 1 mM DTT) overnight at 4°C. 
In vitro SUMOylation assay
His-Su(var)2-10 was cloned into the pGEX-2TK vector and expressed in E. coli strain BL21. Protein was purified using His-Pur Ni-NTA Resin (Thermo Scientific), equilibrated using 2 bed volumes of PBS pH=7.4.
The fusion protein was eluted in a buffer containing PBS pH=7.4 and 250 mM imidazole. The elution fractions were dialysed using 10 kDa cut-off dialysis tubing in PBS supplemented with 1 mM DTT overnight at 4°C.
After dialysis protein was concentrated using 10kDa MWCO Amicon filter (Millipore). In vitro SUMOylation assay was performed using SUMO2 Conjugation Kit (BostonBiochem, K-715) according to the manufacturer's instruction, using 5μl 34μM stock of recombinant Su(var)2-10. Reaction without ATP was set up as a negative control. Results were detected using Western Blotting using anti-His primary antibody (ThermoFisher, His.H8).
RNA-seq
For RNA-seq, ovarian total RNA (10-15 µg) from shW, shSv210-1, shSv210-2, and shSmt3 GLKD lines was depleted of ribosomal RNA with the Ribo-Zero™ rRNA Removal Kit (Epicentre/Illumina). Initial RNA-seq libraries were made using the TruSeq RNA prep kit by Illumina (shW, shSv210-1, shSv210-2). A second set of libraries from shW, shSv210-2 and shSmt3 in two biological replicates were made using the NEBNext® Ultra™ Directional RNA Library Prep Kit. Libraries were sequenced on the Illumina HiSeq 2000/2500 platform.
RNA-seq data from shPiwi and corresponding shW control lines were previously published (LeThomas et al., 2013) .
ChIP-seq and ChIP-qPCR
ChIPs were carried out as described previously (LeThomas et al., 2014) with the following antibodies: anti-
[C1A9, DSHB] and anti-Drosophila SUMO (smt3), a kind gift from G Cavalli (Gonzalez et al., 2014) . ChIP-seq library construction was carried out using the NEBNext ChIP-Seq Library Prep Master Mix Set (E6240) 
Bioinformatic analyses
The D. melanogaster genome assembly BDGP RP/dm3 (April 2006) was used in all analysis. All alignments were performed using an in-house pipeline employing Bowtie 0.12.17 (Langmead et al., 2009 ).
RNA-seq datasets were pre-processed to remove adaptor contamination and rRNA sequences, as described previously (Chen et al., 2016) . The remaining reads were aligned to the D. melanogaster genome allowing 2 mismatches, and retaining only uniquely mapping reads. For analysis of transposons, data were mapped allowing up to 10,000 mapping positions and 0 mismatches, and read counts were corrected based on the number of mapped positions as described previously (Manakov et al., 2015) . Protein-coding gene annotations and TE annotations were obtained from the RefSeq and RepeatMasker tables, respectively, retrieved from the UCSC genome browser (Karolchik et al., 2004) . TE expression values for TE families were calculated as the sum of mappability-corrected reads aligning to individual repeats. Similar results were obtained by an alternative approach were RNA-seq reads were directly aligned to RepeatMasker TE consensuses allowing 3 mismatches (data not shown). For scatter plots, read counts per element were normalized as reads per million mapped reads (RPKM). Differential expression analyses were performed using the DESeq2 R package using raw read counts as input (Love et al., 2014) .
ChIP-seq data was aligned allowing 2 mismatches and retaining uniquely mapped reads for analysis of unique regions. As in RNA-seq, for TE analyses, reads were mapped allowing up to 10,000 mapping positions and 0 mismatches, and read counts were corrected based on the number of mapped positions. Read counts for 1Kb genomic windows or individual TEs were normalized as RPKM. ChIP signal was defined as the ratio of normalized ChIP to Input counts (ChIP/Input). For global analysis, 1Kb genomic windows that had less than 1 RPKM in input libraries were excluded. 1Kb genomic windows with ChIP/Input ratio > 2 in all control ChIPseq datasets (shW) were annotated as "het". We note that using higher ChIP/Input ratio cutoffs to define heterochromatic windows (stricter H3K9me3 enrichment cutoff) produces similar results (data not shown).
Heatmaps were generated using the 'pheatmap' R package. Normalized genome coverage tracks were generated using BedTools (Quinlan and Hall, 2010) and BigWig tools (Kent et al., 2010) , using the total mapped reads as a scaling factor. Circular plot was generated using Circos 0.67.7 (Krzywinski et al., 2009 ).
Non-reference insertions were annotated using the TIDAL pipeline (Rahman et al., 2015) with default parameters, using merged reads that do not map to the reference genome with 2 mismatches from all experiments involving DNA sequencing (DNA from Input and ChIPs).
Orthologs of SetDB1 and Wde in Drosophila species were extracted from OrthoDB1 (Waterhouse et al., 2011) and UniProt databases. SIM predictions were performed using the GPS-SUMO online tool (Zhao et al., 2014) .
Protein sequences were aligned by MUSCLE (Edgar, 2004) and visualized in Jalview (Clamp et al., 2004) .
Data availability
RNA-seq and H3K9me3 ChIP-seq data from shPiwi and corresponding shW control lines were previously published (LeThomas et al., 2013) . All RNA-seq and ChIP-seq data generated in this study is deposited to the Gene Expression Omnibus database: GSE115277.
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(F) Su(var)2-10 interacts with SUMO. S2 cell lysates expressing GFP-Su(var)2-10 were incubated with bacterially expressed GST-SUMO (wild type), interaction-deficient mutant GST-SUMO (QFI>AAA), or no bait control. GST-SUMO was affinity purified using glutathione sepharose beads and GFP-Su(var)2-10 was detected by Western blotting using an anti-GFP antibody.
(G) Su(var)2-10 interacts with Ubc9. S2 cell lysates expressing FLAG-tagged Ubc9 and GFP-Su(var)2-10 were analysed by immunoprecipitation using GFP nanotrap beads. FLAG-Ubc9 co-purifies with GFPSu(var)2-10. Error bars show standard deviation of two biological replicates. Statistical significance is estimated by oneway ANOVA followed by Tukey's test; *p<0.05. 
